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Amoxicillin is one of the widely used antibiotics of environmental concern. This study shows that amox-
icillin has toxic effects on the photosynthesis of Synechocystis sp. Its inhibitory effects on photosystem II
(PSII) of Synechocystis sp. were investigated by using a variety of in vivo chlorophyll ﬂuorescence tests.
The inhibitory effects of amoxicillin on PSII activity of Synechocystis sp. are concentration-dependent.
Amoxicillin exposure leads to slowing down of electron transport on both donor side and acceptor side
and causes accumulation of P680+. QA− reoxidation test revealed that amoxicillin hinders electron trans-
fer from QA− to QB/QB− and more QA− is oxidized through S2(QAQB)− charge recombination. Analysis ofToxic effects
Photosystem II
In vivo chlorophyll ﬂuorescence
Synechocystis sp.
PSII heterogeneity demonstrated that an exposure to amoxicillin increases the proportion of inactive PSII
(PSIIX) centers and the proportion of PSII centers with small antenna (PSII). These changes ﬁnally result
in deterioration of full photosynthesis performance.
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d. Introduction
In recent years, more and more antibiotics have been used for
reatment of human and animal diseases and their occurrence in
he aquatic environment has been recognized as one of the emerg-
ng environmental issues (Halling-Sorensen et al., 1998; Daughton
nd Ternes, 1999; Kummerer, 2001). Veterinary and human uses
re generally recognized as the most important sources of antibi-
tics in aquatic environment (Halling-Sorensen et al., 1998). Many
ntibiotics used were poorly adsorbed by the organism, 30–90% of
he parent compound being excreted into the aquatic environment
Berger et al., 1986; Alcock et al., 1999). Richardson and Bowron
1985) found that a number of antibiotics such as ampicillin, ery-
hromycin, sulphamethoxazole, tetracycline and penicilloyl groups
ere practically non-biodegradable and had the potential to sur-
ive sewage treatment. Although many antibiotics have relatively
∗ Corresponding author at: State Key Laboratory of Environmental Geochemistry,
nstitute of Geochemistry, Chinese Academyof Sciences, 46Guanshui Road, Guiyang
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hort environmental half-lives, they assume the qualities of highly
ersistent pollutants because they are continually introduced into
he environment (Daughton and Ternes, 1999). Therefore, ecolog-
cal risk of antibiotics in the aquatic environment should not be
nderestimated.
Microalgae and cyanobacteria occupy the lower trophic levels
ithin food webs and changes in their diversity and abundance
ould have an indirect but signiﬁcant effect on the rest of the
reshwater community. In this context, they are usually used
n environmental toxicity assessment. A few of recent studies
how that some antibiotics (e.g., chlortetracycline, oxytetracy-
line, tetracycline, tiamulin and trimethoprim) are acutely toxic
o algae (Holten-Lützhøft et al., 1999; Halling-Sørensen, 2000;
ollenberger et al., 2000). Halling-Sørensen (2000) reported that
he EC50 values of toxicity of spiramycin, penicillin G, chlortetracy-
line and olaquindox for Microcystis aeruginosa were 0.005, 0.006,
.05 and 5.1mgL−1, respectively. Photosynthesis is the principal
ode of energy metabolism of algae (Chorus and Bartram, 1999).
hotosystem II (PSII) is thought to be the primary and sensitive site
f inhibition induced by a wide range of environmental pollutants
Baker, 1991; Burda et al., 2003; Sigfridsson et al., 2004; Berden-
rimec et al., 2007). A few of studies have reported a toxic effect of
ntibiotics on O2 evolution of algae (Kviderova and Henley, 2005).
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owever, the mechanism of inhibition of photosynthesis is largely
nknown. Chlorophyll ﬂuorescence is a potential indicator of pho-
osynthetic efﬁciency in algae and its measurement has proved
o be a rapid, non-invasive, and reliable method to assess photo-
ynthetic performance under environmental pollution (Krause and
eis, 1991; Schreiber et al., 1994) before the growth rate change,
nd allows the location of primary site of damage induced by envi-
onment pollution.
Amoxicillin, a -lactam antibiotic, is one of the most commonly
sed antibiotics for treating and preventing diseases in humans
nd veterinary practice. Amoxicillin acts as a bactericidal agent
y inhibiting peptidoglycan synthesis of the bacterial cell wall
Rolinson, 1998). A few studies have reported the toxic effect of
-lactam antibiotics on algae or cyanobacteria (Holten-Lützhøft et
l., 1999; Kviderova and Henley, 2005). These studies have shown
hat-lactam antibiotics affect algae in various ways depending on
pecies and measurement methods.
The aim of this study was to probe the mechanisms involved in
he toxic effect of amoxicillin on the PSII of Synechocystis sp., one
pecies of commoncyanobacteria, by a variety of in vivo chlorophyll
uorescence measurements.
. Materials and methods
.1. Culture of cyanobacterium
The cyanobacterium Synechocystis sp., supplied by Institute of
ydrobiology, Chinese Academy of Sciences, was precultured pho-
oautotrophically at 25 ◦C and about 25molm−2 s−1 in BG-11
rowth medium (Rippka et al., 1979). Exponentially growing cells
ere diluted with fresh medium to achieve test samples at around
g Chl aml−1 for ﬂuorescence measurement and cultured in
0mm×10mm plastic cuvette with each volume of 3.4ml.
.2. Chemicals
The amoxicillin (98.9%) was supplied by Sigma. Amoxicillin was
issolved in deionized water and diluted to the desired concentra-
ions and stored at 4 ◦C until use.
.3. Treatment
Exponentially grown cells dilutedwith freshmediumwere used
s test samples. 0.1ml of deionized water or amoxicillin in various
oncentrationswas added into the samples tomake the ﬁnal amox-
cillin concentrations to 0, 25, 50, and 150mgL−1, respectively. The
ample with 0mgL−1 was used as the control. All the samples were
ultured at 25 ◦C and about 25molm−2 s−1. The chlorophyll ﬂuo-
escence was measured at 12h after treatment.
.4. Measurement of O2 evolution
After 12h of amoxicillin treatment, 5-min photosynthetic O2
volution was measured using a Clark microelectrode (Unisense,
enmark) at 25 ◦C with illumination of 50molm−2 s−1 (PAR)
hite light intensity in2-ml cuvettes. Thephotosynthetically active
adiation (400–700nm) was measured at the surface of the culture
essels by LI-192 SA quantum sensor (LI-COR, USA)..5. Chl a ﬂuorescence measurement
A double-modulation ﬂuorometer FL3500 (PSI, CZ) was
mployed to measure the polyphasic fast ﬂuorescence induction,
A
− reoxidation kinetics, the heterogeneity of PSII antenna and the
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roportion of active and inactive reaction centers. All the samples
ere dark-adapted for 5min before each test.
.5.1. Polyphasic fast ﬂuorescence induction and JIP-test
When illuminated with high intensity actinic light, dark-
dapted oxygenic photosynthetic organisms showapolyphasic rise
ith the basic steps from the ‘origin’ (O) through two ‘inﬂections’
J and I) to a ‘peak’ ﬂuorescence level (P) (Strasser et al., 2000). The
olyphasic fast-phase ﬂuorescence induction curve provides valu-
ble information on themagnitude of stress effects on photosystem
I (PSII) function. Strasser and Strasser (1995) have developed the
IP-test, which has been used to quantify PSII function based on
he biophysical parameters calculated from the O–J–I–P ﬂuores-
ence transient data. The JIP-test has proven to be a valid tool for
n vivo investigations of the behavior of the photosynthetic appa-
atus under various environmental stresses (e.g., Lu et al., 2001;
ussbaumetal., 2001). In thepresent study, thechlorophyllﬂuores-
ence transientswere recordedup to1 s ona logarithmic time scale,
ith data acquisition every 10s for the ﬁrst 2ms and every 1ms
hereafter. Each measured O–J–I–P induction curve was analyzed
ccording to the JIP-test (Strasser and Strasser, 1995). The follow-
ng data were directly obtained from the fast rise kinetic curves: Fo,
he initial ﬂuorescence,wasmeasured at 50s, at this time all reac-
ion centers (RCs) are open; FJ and FI are the ﬂuorescence intensity
t J step (at 2ms) and I step (at 30ms); Fm, the maximal ﬂuores-
ence,was the peak ﬂuorescence at P stepwhen all RCswere closed
fter illumination; F300s was the ﬂuorescence at 300s. Selected
IP-test parameters quantifying PSII behavior were calculated from
he above original data as the formulae in Table 1 (Strasser et al.,
000).
.5.2. Measurement of QA− reoxidation kinetics
The measurement of QA− reoxidation kinetics was performed
y a single turnover ﬂash. The relaxation of the ﬂash-induced
ncrease in Chl a ﬂuorescence yield reﬂects the reoxidation of
A
− via forward electron transport to QB and back reactions with
he S2 state of the oxygen evolving complexes (OEC) (Cao and
ovindjee, 1990; Dau, 1994). In this study the QA− reoxidation
inetics curves after a single turnover ﬂash were measured in
he 200s to 10 s time range. Both actinic (30s) ﬂashes and
easuring (2.5s) ﬂashes were provided by red LEDs. The QA−
eoxidation kinetic data were recorded with eight datapoints per
ecade.
.5.3. S-states test of inactive PSII (PSIIX) centers
The ﬂuorescence decay is controlled largely by the reoxida-
ion kinetics of QA−. In active PSII (PSIIA) centers the oxidation of
A
− is rapid, whereas in inactive centers (PSIIX) the oxidation of
A
− is much slower (Chylla and Whitmarsh, 1989). The number
f inactive PSII centers in the whole cells can be measured by S-
tate test. The population of PSIIX centers was estimated by the
ifference between the ﬂuorescence level 100ms after the fourth
ash and Fo because the ﬂuorescence decay after the fourth ﬂash is
ontrolled almost entirely by inactive centers (Lavergne and Leci,
993).
.5.4. Measurement of the heterogeneity of PSII antenna
ThePSII antennaheterogeneity (PSII andPSII) is related to the
ifference between PSII units in terms of energy transfer (Melis and
omann, 1976). The  part is attributed to interconnected groups
f PSII units that can transfer excitation energy among them. The 
art is ascribed to individual, separate PSII units that cannot trans-
er energy to other PSII units (Melis and Homann, 1976; Warren
t al., 1983). The determination of PSII antenna heterogeneity was
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Table 1
Formulae and terms used in the JIP-test (Strasser et al., 2000)
Formulae and terms Illustrations
VJ = (F2ms − Fo)/(Fm − Fo) Relative variable ﬂuorescence intensity at the J-step
Mo = 4(F300s − Fo)/(Fm − Fo) Approximated initial slope of the ﬂuorescence transient
Quantum efﬁciencies or ﬂux ratios
ϕPo = TRo/ABS= [1− (Fo/Fm)] = FV/Fm Maximum quantum yield for primary photochemistry (at t=0)
ϕEo = ETo/ABS= [1− (Fo/Fm)]· o Quantum yield for electron transport (at t=0)
 o =ETo/TRo =1−VJ Probability that a trapped exciton moves an electron into the electron transport chain beyond QA (at t=0)
Speciﬁc ﬂuxes or speciﬁc activities
ABS/RC=Mo·(1/VJ)·(1/ϕPo) Absorption ﬂux per reaction center
TRo/RC=Mo·(1/VJ) Trapped energy ﬂux per reaction center (at t=0)
ETo/RC=Mo·(1/VJ)· o Electron transport ﬂux per reaction center (at t=0)
DIo/RC= (ABS/RC)− (TRo/RC) Dissipated energy ﬂux per reaction center (at t=0)
Phenomenological ﬂuxes or phenomenological activities
ABS/CS=ABS/CSChl = Chl/CS Absorption ﬂux per cross section (at t=0)
Density of reaction centers
RC/CS=ϕPo·(VJ/Mo)·ABS/CS Density of reaction centers (QA-reducing PSII reaction centers)
Performance indexes
PIABS = (RC/ABS)·[ϕPo/(1−ϕPo)]·[ o/(1− o)] Performance index on absorption basis
PICS = (RC/CSo)·[ϕPo/(1−ϕPo)]·[ o/(1− o)] Performance index on cross-section basis (at t=0)
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DFABS = log(PIABS) Total driving forc
DFCS = log(PICS) Total driving forc
one by the ﬂash ﬂuorescence induction which can cause tran-
ient closure of PSII centers (Nedbal et al., 1999). A strong 50s
ash was applied. The proportion of PSII and PSII was calcu-
ated by calculating the semi-log plot of complementary area over
he ﬂuorescence induction curve (Melis and Homann, 1976). Two
inetic components can be shown by the semi-log plot of the area
rowthwith fast sigmoidal component ascribed as PSII and a slow
xponential component ascribed as PSII (Warren et al., 1983). The
ntercept of the linear phase in the semi-log plots was denoted as
he proportion of PSII.
. Results.1. Inﬂuence of amoxicillin on O2 evolution
Addition of amoxicillin at themgL−1 concentration signiﬁcantly
nhibited O2 evolution of Synechocystis sp. (Fig. 1). Treatment with
50mgL−1 amoxicillin for 24h led to 80.5% inhibition in O2 evolu-
ig. 1. O2 evolution of Synechocystis sp. untreated and treated with amoxicillin
t concentrations from 5 to 150mgL−1 for 12h at 25 ◦C with illumination of
0molm−2 s−1.
o
a
i
a
t
F
wotal photosynthesis on absorption basis
otal photosynthesis on cross-section basis
ion. It was observed that the green cells turned into yellow after
2-h treatment with 150mgL−1 amoxicillin, indicating the cells
ere severely affected.
.2. Polyphasic fast ﬂuorescence induction
To investigate the effect of amoxicillin on the function of PSII
f Synechocystis sp., the polyphasic fast ﬂuorescence induction
est was performed. Fig. 2 shows the fast kinetic induction curves
f the control and the samples treated with amoxicillin. It was
ound that the effect of amoxicillin on the fast rise ﬂuorescence
ransient of Synechocystis sp. was concentration-dependent. FJ
nd Fm decreased drastically and the J–P phase gradually leveled
ff with increasing of amoxicillin concentration, indicating that
moxicillin has an inhibitory effect on the photochemical activ-
ty of Synechocystis sp. The lowering of Fm might be explained
s an increase of closed PSII reaction centers, which do not par-
icipate in electron transport. Toth et al. (2005) attributed the
ig. 2. Fast ﬂuorescence rise transient of Synechocystis sp. untreated and treated
ith amoxicillin at concentrations from 5 to 150mgL−1 for 12h.
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Table 2
The selected parameters obtained from JIP-test of the control and amoxicillin treated samples
Treatment (mgL−1) PIABS PIcs ϕPo  o ϕEo ABS/RC ETo/RC DIo/RC RC/CS
Control 100 100 100 100 100 100 100 100 100
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The heterogeneity of PSII antenna sizewas analyzed by ﬂash ﬂu-
orescence induction (Fig. 5), which can cause transient closure of
PSII centers (Nedbal et al., 1999). PSII centers are located con-5 79 65 99 83
0 38 29 89 55
ll parameters were normalized with control. Numbers are percentages of the cont
uenching of the Fm to the presence of oxidized PQ molecules.
t was also observed that the peak of the Fm disappeared and
he J–P section almost became a straight line after for Syne-
hocystis sp. was treated with 150mgL−1 amoxicillin for 12h,
uggesting that electron transport chain was broken after QA
Haldimann et al., 1995) and OEC failed to provide electrons
or PSII to reduce the quinone acceptors (Falk and Palmqvist,
992).
Since the O–J–I–P ﬂuorescence transient reﬂects the state of QA,
B and PQ pool (Strasser and Govindjee, 1992), more information
an be obtained from parameters extracted from ﬂuorescence rise,
hich are shown in Table 2. Since the Fm of the sample treatedwith
50mgL−1 amoxicillin disappeared, no relative parameters of this
ample were further calculated.
Results of the JIP-test (Table 2) shows that an increase of amox-
cillin concentration results in an increase of the effective antenna
ize per reaction center (ABS/RC) and a decrease in electron trans-
ort ﬂux (ETo/RC), quantum yield for electron transport (ϕEo),
robability that a trapped exciton moves an electron into the elec-
ron transport chain beyond QA (o), and the density of the active
hotosynthetic reaction centers (RC/CS). These changes result in an
ncrease in the dissipated energy ﬂux per reaction center (DIo/RC),
ecrease in the performance index on absorption basis (PIABS) and
n cross-section basis (PICS), maximum quantum yield for primary
hotochemistry (ϕPo), andﬁnallydropof theoverall photosynthetic
riving force (DFABS and DFCS).
.3. The QA− reoxidation kinetics test
In order to understand the effect of amoxicillin on the function
f the acceptor side of PSII of Synechocystis sp., the QA− reoxida-
ion kinetics test was done (Crofts and Wraight, 1983). The curves
ereﬁttedby thebiexponential equation. The fast component indi-
ates electron transfer fromQA− toQB− site occupiedwithQB (QB−)
efore the actinic ﬂash. The slow component reﬂects QA− reoxida-
ion that was completed through back reactions with the S2 state
f the OEC (Cao and Govindjee, 1990).
The QA− reoxidation kinetic curves of the control and the sam-
les treated with amoxicillin at different concentrations are shown
n Fig. 3. The parameters of the QA− reoxidation kinetics are sum-
arized in Table 3. It can be clearly seen that as the concentration
f amoxicillin increases, the fast component decreases accompa-
ied by an increase of the slow component. The QA− reoxidation
inetics is not affected by 25mgL−1 amoxicillin treatment. As
able 3
inetic deconvolution of ﬂuorescence decay kinetics of untreated and amoxicillin-
reated Synechocystis sp. A1–A2 are the amplitudes
reatment Fast component Slow component
A1 (%) T1 (s) A2 (%) T2 (s)
ontrol 93.5 1974 6.5 3.17
5mgL−1 93.4 1754 6.6 1.46
0mgL−1 88.1 1861 11.9 2.45
50mgL−1 79.1 2025 20.9 2.01
1–T2 are the time constants
F
w82 101 83 102 82
49 113 55 121 66
ues.
moxicillin concentration increased to 50mgL−1, the fast compo-
ent decreased by 5.4% while the slow component increased by
.4%. When amoxicillin concentration further increased, the fast
omponent further decreased, associated with further increase of
he slow component. This result showed that QA− to QB/QB− elec-
ron transfer is hindered during amoxicillin treatment, and this
esults in that much more QA reoxidation occurs through back
eactionswith the S2 state of theOEC, i.e., S2(QAQB)− charge recom-
ination.
.4. S-states test of PSIIX centers
The population of PSIIX centers was estimated by the differ-
nce between the ﬂuorescence level 100ms after the fourth ﬂash
nd Fo (F4 = F400ms/Fo −1) (Lavergne and Leci, 1993). Fig. 4 shows
hat the relative variable ﬂuorescence Fv = Fm − Fo decreases dras-
ically after treatment with 150mgL−1 amoxicillin and this might
istort the proportion of PSIIX centers if the change of Fv is disre-
arded. Todetermine theproportionasexactly aspossible, a revised
quationwasproposed as PSIIX (%) =F4 ×100/(F300ms/Fo −1). The
roportion of PSIIX centers of Synechocystis sp. after exposure to
moxicillin is shown inFig. 4(b). Itwasobserved that theproportion
f PSIIX centers increased with increase of amoxicillin concentra-
ion. The proportion of PSIIX centers of the control was 0.47%, while
he cells were incubated with 25mgL−1 amoxicillin, the propor-
ion increased to 2.40%. As the amoxicillin concentration increased
o 50 and 150mgL−1, the proportion increased to 9.85 and 25.96%,
espectively.
.5. The heterogeneity of PSII antenna sizeig. 3. QA− reoxidation kinetic curves of Synechocystis sp. untreated and treated
ith amoxicillin at concentrations from 5 to 150mgL−1 for 12h.
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Aig. 4. (a) The ﬂuorescence decay induced by a series of single-turnover ﬂashes and
b) the proportion of PSIIX centers of Synechocystis sp. untreated and treated with
moxicillin at concentrations from 5 to 150mgL−1 for 12h.
ectedly in the appressed membranes of the grana with larger
mount of light-harvesting chlorophylls per center than in the 
enter (around 2–3 fold larger than  center), whereas the PSII
enters are situated in stroma lamellae and margins and are iso-
ated from each other (Strasser and Stirbeta, 1998). It is generally
elieved that the PSII reﬂects energetic connectivity between PSII
enters while PSII indicates the mutual energetic separation of
SII centers (Melis and Anderson, 1983).
It can be seen from Fig. 5(b) that the proportion of PSII cen-
ers generally increases with increasing amoxicillin concentration.
he proportion of PSII centers changes slightly in the control and
he sample treated with 25mgL−1 amoxicillin and the ratios of
SII to PSIIwere kept high (>5.6). However, when the cells were
reated with higher concentration of amoxicillin, the proportion of
SII centers underwent a drastic increase. As the amoxicillin con-
entration increased to 50 and 150mgL−1, the proportion of PSII
ncreased to 16.03 and 22.10%, respectively.
. DiscussionAmoxicillin is usually detected in ng L−1 or g L−1 range in the
atural water environment and in mgL−1 range in the pharma-
eutical efﬂuents (Morse and Jackson, 2004). In the present study,
he higher nominal concentrations in mgL−1 were used in order
c
t
c
Hig. 5. (a) Flashﬂuorescence inductioncurvesand (b) theproportionofPSII centers
f Synechocystis sp. untreated and treated with amoxicillin at concentrations from
to 150mgL−1 for 12h.
o elicit measurable toxic responses. Synechocystis was used as
he test microorganism because it occurs widely in natural sur-
ace water bodies and has similar photosystems as higher plants.
he photosystem I (PSI) ﬂuorescence is weak and rather difﬁcult
o be detected at room temperature as it is overshadowed by the
tronger PSII ﬂuorescence (Itoh and Sugiura, 2004). Thus, the in
ivo chlorophyll ﬂuorescence at room temperature is strictly from
SII (Govindjee, 2004) and can be reliably used to probe activity
f PSII instead of that of PSI or other target molecules. This study
emonstrates that amoxicillin in mgL−1 range evidently affected
SII activity of Synechocystis sp. This conclusion is supported by evi-
ence from a variety of in vivo chlorophyll ﬂuorescence tests. The
oxic effect of amoxicillin on the PSII of Synechocystis sp. increases
ith increasing amoxicillin concentration. Higher concentration
50mgL−1 or over) amoxicillin severely inhibited PSII activity. A
eview of the literature shows that the susceptibility of algae to
enicillin group antibiotics differs greatly. Qu (2004) reported that
hlamydomonas reinhardtii, Platymonas subcordiformis, Tetraselmis
p., Nannochloropsis oculate and Chlorella vulgaris were not sensi-
ive to ampicillin at 150mgL−1. Zhang et al. (2007) reported that
lexandrium tamarense was not sensitive to ampicillin at a con-
entration as high as 1000mgL−1. Eguchi et al. (2004) reported
he value of EC50 of ampicillin on green algae Selenastrum capri-
ornutum and Chlorella vulgaris exceeded 1000mgL−1. In contrast,
olten-Lützhøft et al. (1999) found EC50 value for growth inhibi-
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ion of amoxicillin to be 0.0037mgL−1 for Microcystis aeruginosa
nd 0.1mgL−1 for Selenastrum capricornutu. Kviderova and Henley
2005) reported that the combination of 50mgL−1 ampicillin plus
5mgL−1 streptomycin slightly reduced growth rate of Picochlo-
um oklahomensis, and did not signiﬁcantly affect growth rate or
hotosynthesis of Dunaliella sp.
Electron transfer always becomes a target of inhibition induced
y a wide range of environmental pollutants (Appenroth et al.,
001; Heerden et al., 2007; Dewez et al., 2008). The toxic inhibitory
ffect of amoxicillin on the donor side, electron transfer and the
cceptor side of PSII was demonstrated by JIP-test (Fig. 2) and QA−
eoxidation kinetics test (Fig. 3).
Fluorescence rise transient showed that the FJ and Fm decreased
nd J–P phase leveled off after exposure to amoxicillin. Lu and
onshak (2002) also reported a similar result following salt stress
0.8M NaCl), which led to decreasing of ﬂuorescence levels at
hases J, I and P. The leveled off J–P phase and decreasing of FJ
nd Fm might be explained as the inhibition of electron transport
t the donor side of PSII, which resulted in the accumulation of
680+, a strong ﬂuorescence quencher (Neubauer and Schreiber,
987; Govindjee, 1995). This result indicates that amoxicillin had
nhibitory effects on the donor side of PSII. The disappearance of
m after treated with 150mgL−1 amoxicillin indicates a complete
alfunction of PSII (Schreiber et al., 1971).
JIP-test can provide information on the absorption, distribution
nd utilization of energy in photosynthesis (Papageorgiou, 1975;
ork and Mohanty, 1986). The results of JIP-test show that amoxi-
illin led to decrease of density of active center per CS (RC/CS). This
as in accordance with the increase of PSIIX center. The decrease
f active center resulted in decreased electron transfer (ﬂux of
lectrons from QA− into the electron transport chain per center,
To/RC), quantum yield for electron transport (ϕEo) and probability
hat a trapped exciton moves an electron into the electron trans-
ort chain beyond QA (o), and increasing of dissipation of heat at
he level of the antenna chlorophylls (DIo/RC). The above changes
nally result in substantial decrease of overall photosynthesis per-
ormance index (PIABS and PIcs).
The QA− reoxidation kinetics showed that amoxicillin exposure
ecreased the fast component and increased the slow component,
ndicating that the electron transport after QA was hindered and
uch more QA reoxidation had to be done through S2(QAQB)−
harge recombination. This result indicated that amoxicillin had
nhibitory effects on the acceptor side of PSII too. The inhibition
f QA− reoxidation was in good accordance with the increasing of
roportion of PSIIX centers (Fig. 4) and decreasing of ETo/RC during
xposure to amoxicillin (Chylla and Whitmarsh, 1989).
The inhibition of amoxicillin on PSII activity was also eval-
ated with PSII heterogeneity directly related to photochemical
fﬁciency. In the present study, change of two types of heterogene-
ty after amoxicillin treatment was analyzed. One type determines
lectron transport capacity (PSIIA and PSIIX), the other type deter-
ines the effective size of the antenna system serving individual
eaction center (PSII and PSII). Our results show that exposure
o amoxicillin resulted in a substantial increase of the propor-
ion of PSIIX centers, indicating that capacity of electron transport
eclined. This could be used to explain the levelling off of the
–J–I–P curves after J step and the slowing down of QA− reoxida-
ion. Analysis of antenna heterogeneity showed that PSII steadily
ccumulated after amoxicillin treatment. Accumulation of PSII
nder stress was also reported elsewhere (Sundby et al., 1986; Hill
nd Ralph, 2006). The increase of PSII under stress was attributed
o a decrease in the size of PSII light-harvesting complexes (LHCs).
he smaller LHCs would limit the amount of light energy reaching
SII reaction centers, thereby protecting them from further damage
Melis and Homann, 1976; Dau, 1994; Pastenes and Horton, 1996;
G
Hgy 89 (2008) 207–213
ukhov and Carpentier, 2000). A comparison between dynamics of
SII andPSIIX of the cells treatedwith amoxicillin at the same con-
entration with time showed that PSIIX centers and PSII centers
id not track one another, suggesting that they were not identical.
In summary, our results show that amoxicillin atmgL−1 concen-
ration range had evident inhibitory effects on PSII of Synechocystis
p. The target sites of amoxicillin toxic effect on the PSII of Syne-
hocystis sp. were on both the donor side and the acceptor side.
owever, in the present study, only the toxic effects of amoxi-
illin on PSII could be demonstrated due to the limitation of in
ivo chlorophyll ﬂuorescence although other targetmolecules such
s photosystem I also maybe involved. Therefore, other biophysi-
al and biochemical methods should be employed to study other
ossible targets of antibiotic substances in photosyntheticmicroor-
anisms. Our results also demonstrated that in vivo chlorophyll
uorescence parameters such as percentage of inactivated PSII cen-
ers, QA− reoxidation kinetic constants could be useful in detecting
oxicity of antibiotics to cyanobacteria, algae and higher plants.
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